Data on the bioavailability and toxicity of carbon nanotubes (CNTs) in the environment, and, in particular, on their interactions with vascular plants, are limited. We investigated the effects of industrial-grade multiwalled CNTs (75 wt% CNTs) and their impurities on alfalfa and wheat. Phytotoxicity assays were performed during both seed germination and seedling growth. The germinations of both species were tolerant of up to 2560 mg l 21 CNTs, and root elongation was enhanced in alfalfa and wheat seedlings exposed to CNTs. Remarkably, catalyst impurities also enhanced root elongation in alfalfa seedlings as well as wheat germination. Thus the impurities, not solely the CNTs, impacted the plants. CNT internalization by plants was investigated using electron microscopy and two-dimensional Raman mapping. The latter showed that CNTs were adsorbed onto the root surfaces of alfalfa and wheat without significant uptake or translocation. Electron microscopy investigations of internalization were inconclusive owing to poor contrast, so Fe 3 O 4 -functionalized CNTs were prepared and studied using energyfilter mapping of Fe 3 O 4 . CNTs bearing Fe 3 O 4 nanoparticles were detected in the epidermis of one wheat root tip only, suggesting that internalization was possible but unusual. Thus, alfalfa and wheat tolerated high concentrations of industrial-grade multiwalled CNTs, which adsorbed onto their roots but were rarely taken up.
INTRODUCTION
The extraordinary properties of carbon nanotubes (CNTs) [1] have inspired their use in biosensors [2] , drug delivery vehicles and tumour imaging [3, 4] , electrically conductive polymers [5] and concrete reinforcement [6] .
Despite the promise of CNTs, neither their interactions with biological systems nor their environmental fate are well understood. Their fibrous structure raises concerns that they might have effects similar to those of asbestos [7, 8] . Observations of the interactions of CNTs with animals, made both in vitro and in vivo, are sometimes contradictory [1, 3, 7] . Similarly, studies assessing CNT toxicity and bioavailability in plants have reported positive [9, 10] , negative [9, 11] and even neutral [12] [13] [14] effects on germination and growth. Besides the differences inherent among model species, variability exists between individual batches of CNTs, even those fabricated under identical conditions [15, 16] , and within batches, where CNT dimensions and degrees of surface functionalization vary [17] . Moreover, impurities derived from the catalyst used to produce the CNTs cause variability, even in purified batches, because they can be 'protected' from the CNT-purification processes by encapsulation within the tubes themselves [18] , then mobilized and made bioavailable by preparation protocols [15] , making it harder to attribute phytotoxicity solely to the CNTs. Hence, a comprehensive understanding of plant2CNT interactions requires both internalization and phytotoxicity assays.
Here, the phytotoxicity of up to 2560 mg l 21 of industrial-grade multiwalled CNTs (75 wt% CNTs), and of their catalytic impurities (25 wt% Fe/Al 2 O 3 ), was investigated in two crop species, alfalfa and wheat. CNTs are expensive, and higher-purity materials cost more; hence, industrial-grade CNTs are especially desirable. This could increase the likelihood that metallic impurities associated with CNTs are released into the environment. Although studies have assessed the bioavailability and toxicity of metal-containing CNT impurities in mammalian cells [16, 19] , this, to our knowledge, is the first study to assess the effects of these impurities in whole organisms. The catalyst used in this study contained a-Al 2 O 3 particles (125-150 mm), which are expected to be slightly soluble in the aqueous agar matrix, and Fe, which may be present as Promising biotechnological applications for CNTs make their uptake by plants desirable. However, the small diameter and carbonaceous composition of CNTs hinder the study of CNT -plant interactions at the cellular level. New techniques, including fluorescence microscopy and vibrational spectroscopy, have been explored for the detection and tracking of CNTs in mammals [20, 21] and plants [10, 11] .
To determine whether the plants internalized multiwalled CNTs, we used two techniques: Raman mapping was used to analyse cryogenized root cross-sections of plants exposed to 2560 mg l 21 industrial-grade multiwalled CNTs, and energy-filtered transmission electron microscopy (TEM) was used to detect industrialgrade multiwalled CNTs functionalized with Fe 3 O 4 nanoparticles (Fe 3 O 4 -CNTs) in plant tissues.
MATERIAL AND METHODS

Carbon nanotube synthesis, purification and characterization
CNTs were synthesized by the catalytic deposition of ethylene (4. CNTs were analysed by thermogravimetric analysis (TGA, TA Instruments SDT Q500, heating rate 108C min 21 to 10008C in air : nitrogen (3 : 2), total flow of 100 ml min 21 ), TEM (Philips CM12 TEM operated at 120 kV), Raman spectroscopy (Renishaw inVia Raman using an argon laser emitting at 514.5 nm, 10 accumulations, 20 s exposure time and 1% laser power), Fourier-transform infrared spectroscopy (FTIR; Bruker IFS66V Spectrometer; CNT-coated KBr crystal; resolution ¼ 4 cm
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, 128 scans) and N 2 adsorption/ desorption isotherms measured at 21968C (Quantachrome Autosorb-1). The concentration of Fe in the CNTs was determined by inductively coupled plasmaatomic emission spectroscopy (ICP-AES, Varian Vista AX). Residues from TGA samples were digested in aqua regia (HNO 3 : HCl ¼ 1 : 3) at 1208C for 2 h to extract the Fe. Quantitative Fe analysis was performed at 259.94 nm and compared with a calibration curve (correlation coefficient .0.9999) prepared using external standards (CHOICE Analytical).
Test plants
Alfalfa (Medicago sativa) and wheat (Triticum aestivum) were selected because they are model plant systems [23, 24] . Wheat is also recommended by the guidelines for chemical testing proposed by the US Environmental Protection Agency [25] and the Organisation for Economic Co-operation and Development [26] . Alfalfa seeds were purchased from Greenpatch (Taree, Australia). Wheat seeds were donated by Professor Peter J. Sharp, Faculty of Agriculture, Food and Natural Resources, University of Sydney. To prevent fungal contamination, seeds were soaked in 1 vol% H 2 O 2 for 15 min and washed five times with DI water immediately before use. Glassware was washed with acid prior to use. Single-use plastic containers were used in the phytotoxicity assays.
Phytotoxicity assays
Exposure media
Purified CNTs were sonicated in autoclaved DI water to form a stock suspension. Plant agar (Sigma-Aldrich) was warmed slightly to facilitate homogeneous mixing, then added to an appropriate quantity of the stock CNT suspension (final agar concentration 0.8% w/v). Scanning electron microscopy was used to verify the dispersion of the CNTs in agar (see electronic supplementary material, figure S1 ). Following preliminary assays, CNT-agar mixtures were prepared at nominal concentrations of 4022560 mg l 21 CNTs. The effects of catalyst impurities on plants were also tested; the catalyst was prepared as described above with m Fe : m Al2O3 1 : 4, the ratio found in the purified CNTs (vide supra). The purified CNTs contained 25 wt% catalyst, thus dispersions of catalytic impurity samples in agar were prepared at nominal concentrations of 102640 mg l 21 . For control experiments, agar was mixed with sterile DI water in the same ratio used for test samples.
Germination assay
Petri dishes (90 Â 16 mm) were filled with 30 ml of test agar on which 16 (alfalfa) or 12 (wheat) seeds were placed, spaced approximately 15 mm apart. Plates were distributed randomly in a growth chamber (Contherm Scientific Ltd) at controlled temperature (12 h/12 h, 258C/188C) in the dark. The assay was terminated after 4 days, when 65 per cent of the control seeds had germinated and developed roots at least 20 mm long [25] . The number of germinated seeds ( primary root !5 mm long [25] ), root elongation for each seed, and pH of the medium were recorded. The germination index was calculated according to [27] For microscopy analysis, four pieces were cut from the 5 mm region from the root tip and from either side of the first protruding lateral root. These were vacuum fixed in 6.25 vol% glutaraldehyde and 4 vol% paraformaldehyde in 0.1 M phosphate buffer ( pH 7.4) for 30 min and then at ambient pressure overnight (48C). Sections were washed with 0.1 M phosphate buffer and stained with 1% w/v aqueous OsO 4 for 2 h, then with 1% w/v aqueous U(OAc) 2 for 1 h, and finally dehydrated in an ethanol series (30, 50, 70, 90 , 99, 100 vol%). Samples were infiltrated and embedded in Spurr's resin and oven-cured at 608C for 24 h. Sections were cut using an ultramicrotome (Ultracut E1, Leica). For light microscopy (Nikon Eclipse E800), samples were cut into 0.1 -0.5 mm sections and stained with 0.5% w/v toluidine blue in H 2 O. To search for CNTs in roots, 70 nm sections were cut with a diamond knife (Diamtome), transferred to copper grids and post-stained with 2% w/v aqueous U(OAc) 2 and Reynolds' lead citrate [28] for 10 min each. Images were acquired using a JEOL 1400 TEM operated at 120 kV. For samples exposed to Fe 3 O 4 -CNTs, energyfilter maps for Fe were collected using a Philips CM120 Biofilter TEM at 120 kV and equipped with a Gatan Imaging Filter camera. Fe maps were acquired at the plasmon range of the electron energy loss spectra, in which Fe plasmon scattering is identified as 54 eV. A series of images was taken at the pre-edge of Fe (40 and 48 eV) and post-edge of Fe (64 eV), using a slit width of 8 eV, to calculate and remove background interference from Fe signals.
Carbon nanotube uptake: Raman spectroscopy
Plants were grown in the presence of purified multiwalled CNTs (2560 mg l
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) in agar (CNT-agar, prepared as described above) or in aqueous suspensions (CNTwater). For the latter, seedlings approximately 10 mm long were first grown in agar-solidified nutrient media without CNTs. After 7 days, the roots were submerged in a freshly prepared aqueous suspension of multiwalled CNTs (2560 mg l 21 CNT) for another 7 days. Controls were performed in DI water.
For the analysis of whole roots, plants were thoroughly rinsed and oven-dried at 508C for 2 days. Roots were focused at 50Â magnification and standard point spectra were collected as described above. Spectra recorded at three different points were averaged. For cross-section analyses, roots were harvested and thoroughly rinsed before being embedded and cryosectioned by the Histopathology Laboratory (University of Sydney). Root segments were fixed in cryostat specimen matrix (Tissue-Tek OCT Compound) by immersion in N 2 (l). Blocks were sectioned at 2148C in a Cryotome E Cryostat (Thermo Scientific). Sections of 7 mm were mounted onto glass slides and allowed to air-dry. Raman mapping mode was used to collect spectra of the cryosections over a spectral range of 1940-720 cm 21 (centre 1350 cm
), using 1 accumulation and a 5 s exposure time. For data collection, the 50Â microscope objective was used with a step size of 1.2 mm and X binning number of 1. Collected spectra were corrected and analysed using WiRE v. 3 software (Renishaw). Cosmic rays were removed using the neighbour cosmic ray removal method and falsecolour maps were generated from the data using the signal-to-baseline method.
Statistical analysis
Mean and standard deviations were calculated from at least four replicate flasks/Petri dishes. Statistical significance between exposed plants and controls was determined using Student's t-test for non-equal variances or ANOVA, depending on the homogeneity of the variances, with statistical significance at p , 0.05.
RESULTS AND DISCUSION
Carbon nanotube characterization
Thorough characterization of nanomaterials used in bioassays is essential because their phytotoxicity and ability to penetrate tissues depends strongly on their physical and chemical properties [15, 29, 30] , and the complex matrix formed by CNTs and their impurities necessitates a multitechnique approach. Table 1 summarizes the characterization of our multiwalled CNTs. Full characterization details, including thermogravimetric analysis, Raman and FTIR spectra, N 2 adsorption-desorption isotherms, pore size distributions and elemental analysis of the impurities, are provided and discussed in the electronic supplementary material).
As-synthesized CNTs were purified by microwave digestion, rendering industrial-grade multiwalled CNTs that were 75 wt% pure ('purified CNTs'). Neither structural damage nor loss of crystallinity were detected after purification. The similar thermogravimetric and derivative weight loss profiles (see electronic supplementary material, figure S2 ) measured for the as-synthesized and purified CNTs indicated that purification did not change the material structure. Identical Raman I D /I G ratios were observed for the two samples (I D /I G ¼ 1.2, see electronic supplementary material, figure S5), further evincing that the quality of the CNTs did not change significantly upon acid purification. Highresolution TEM images showed multiwalled CNTs with well-defined walls (figure 1) and an outer diameter of 13 + 4 nm. Some catalyst (Fe/Al 2 O 3 ) particles were observed encapsulated in the purified CNTs, protected from acid purification. ICP-AES showed that the impurities (25 wt%) consisted of 5.3 wt% Fe and 19.7 wt% Al 2 O 3 (see electronic supplementary material, figure S3 ). The FTIR spectra of the as-synthesized and purified CNT samples exhibited a n(C¼C) at approximately 1560 cm 21 , confirming the graphitic structure of Residues of the thermogravimetric analysis were digested in aqua regia for analysis. f SSA, specific surface area, calculated using the Brunauer-Emmett -Teller model over P/P 0 ¼ 0.05 -0.25. g Maximum of the pore-size distribution calculated from the adsorption branch using the Barret-Joyner-Halenda method. Effects of carbon nanotubes on plants P. Miralles et al. 3517
the CNT walls (see electronic supplementary material, figure S6 ). Additional functional groups were also detected on the CNT surfaces, and are discussed in detail in the electronic supplementary material. Briefly, these included alkyl groups (n as (C-H) ¼ 2952 and 2922 cm
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; n s (C-H) %2870 cm 21 and 2850 cm
) that characterize CNT defects [31] [32] [33] , as well as ester groups (n(C¼O) ¼ 1832 and 1730 cm 21 ) that indicated some surface oxygenation [33] , which renders the CNTs somewhat hydrophilic.
Phytotoxicity assays
A seed's selectively permeable coat protects it from environmental hazards; however, once this is ruptured, the radicle (embryonic root) is exposed to the environment. Consequently, CNT phytotoxicity was assessed during both germination and seedling growth. As the CNTs contained 25 wt% catalytic impurities (see electronic supplementary material), control experiments containing only these impurities were also performed, at one-quarter of the nominal CNT concentration. This criterion was based on the extreme scenario in which all the catalytic impurities-free in the sample, contained between CNT aggregates and encapsulated in the CNTs (figure 1)-were bioavailable.
Germination
CNTs were not toxic to alfalfa or wheat germination under the conditions examined; both species tolerated them in high concentrations. Neither the germination percentage nor the germination index (GI) of alfalfa ( figure 2a,b) was significantly affected by the CNT or catalyst treatments, compared with the controls. This complements reports stating that 2000 mg l 21 CNT did not affect the germination of lettuce, corn, cucumber, rape, radish or ryegrass [12] , and that mung bean and Indian mustard seeds germinated normally in 40 mg l 21 CNT [14] . Conversely, 400 mg l 21 of a CNT2 organic matter mixture reduced biomass and delayed flowering in rice seeds [11] .
For wheat, the germination percentage and GI (figure 2c,d ) increased significantly in the presence of CNTs. At 2560 mg l 21 CNT, the germination percentage was higher than the controls (98 versus 75%), and the GI reached twice that of the controls. Enhanced germination has been observed at lower CNT exposures; tomato seed germination and seedling development improved dramatically upon exposure to 40 mg l 21 CNT [10] . No pH changes were observed during our assays ( pH 7), so changes in acidity were not responsible for the observed effects. Notably, the catalyst impurities alone strongly improved wheat germination percentage (figure 2c), exceeding the corresponding CNT effect in low-concentration treatments (40 -160 mg l
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). This suggests that the enhanced germination percentage of wheat seeds in the presence of CNTs may be due to the catalyst residues rather than due to the CNTs themselves, and that the catalyst residues in a CNT sample are only partially bioavailable. Alternatively, the CNTs themselves may negatively impact germination percentage, and thus partially counteract the catalyst effect. The GI, on the other hand, was impacted more strongly by CNT concentration than the corresponding catalyst concentration at the highest concentrations. Thus, CNTs influenced root elongation in wheat; this was confirmed during seedling-growth experiments (vide infra).
Interestingly, wheat germination was more sensitive to CNTs than alfalfa germination was. As the larger wheat seed has a lower surface-to-volume ratio, the opposite result might have been expected. Indeed, Ma et al. [34] found that smaller seeds, e.g. lettuce, were more sensitive to nanoparticles than larger-seeded species such as wheat. In the present study, seed type may be the difference. Alfalfa produces hard seeds, with water-impermeable seed coats [35] , so water uptake occurs primarily by the micropyle pore [36] ; whereas white-grained wheat produces soft seeds. Thus, it is possible that CNTs penetrated the seed coat of wheat during water uptake and became bioavailable, but could not penetrate the seed coat of alfalfa; this would imply that the micropyle played a minor role in CNT bioavailability during alfalfa germination. This is particularly consistent with the observation that the catalyst impurities, which may have been partially solubilized, accounted for most of the increase in germination percentage in wheat.
Seedling elongation
Alfalfa and wheat seedlings grown in CNTs or catalyst impurities in agar appeared normal. No discolouration or swelling was detected, nor were symptoms of Fe excess (brown spotting, shoot bronzing, biomass reduction [37] ). Above-ground organs (shoot, cotyledons, leaves or coleoptile) developed normally (see electronic supplementary material, figures S7-S11). Thus, in both cases, only root elongation was significantly enhanced compared with the controls (figure 3). The greatest effect was seen in roots of seedlings grown in 1280 mg l 21 CNTs, which were 70 per cent longer for alfalfa and 30 per cent longer for wheat, compared with the controls. At the highest CNT concentration, the roots were shorter than in the other CNT treatments, though still longer than the control plants. Similarly, both wheat and mung bean roots were more sensitive than their shoots to Cu nanoparticles [38] . CNTs have enhanced root elongation in cucumber and onion seedlings, but negatively impacted tomato, lettuce, carrot and cabbage [9] . However, the root growth enhancements in cucumber and onion were smaller than those we observed for alfalfa. A recent study on the genetic responses of tomato to CNTs suggested that they sensed CNTs as stress factors, and thus altered their gene expression and activated their growth [39] . This may explain the CNT-mediated growth enhancement we observed in alfalfa and wheat, although further research is needed. Unaltered pH values measured throughout the experiment (pH 7) rule out acidity effects. Notably, in this and earlier [9, 11, 12] studies, the effects of CNTs on a given plant were independent of its genetic family (monocotyledon or dicotyledon).
Catalyst impurities (Fe and Al 2 O 3 ) also impacted seedling root elongation in both plants. Though alfalfa germination was unaffected (figure 2), the roots of alfalfa seedlings grown in the presence of the catalytic impurities showed enhanced growth compared with the controls ( figure 3) . Generally, the effects of catalytic impurities on alfalfa root growth were smaller or not significantly different from the effects of CNTs. Only at the highest catalyst concentration did the positive effect of catalytic impurities significantly exceed that of the CNTs. Thus, the impacts of the CNTs on alfalfa roots may be partially, but not entirely, attributed to their catalytic impurities.
On the other hand, despite the catalytic impurities having strongly impacted wheat germination (figure 2, vide supra), the catalyst impurities alone had no significant impact on the roots of wheat plants ( figure 3b) . Therefore, the mechanism by which catalytic impurities impact the growth of alfalfa seedlings did not operate in wheat at the concentrations studied ( 640 mg l
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). The Fe and Al 2 O 3 impurities were tested together, and either (or both) could have impacted germination and growth. Neither nano-Fe 0 nor nano-Fe 3 O 4 is toxic to pumpkin [40, 41] , but nano-Fe inhibits germination and growth in flax, ryegrass and barley [42] , and nanoFe 3 O 4 inhibits root growth in Arabidopsis thaliana [43] . Both nano-Fe [40, 44, 45] and nano-Fe 3 O 4 [41] have been taken up by exposed plants, so both can be bioavailable. Dissolved Al species can cause oxidative stress, interfere with the uptake and metabolism of essential elements, and cause morphological alterations in higher organisms [46] [47] [48] . In the present system, growth was actually enhanced in some cases, possibly because the impurities could have supplied the plant with Fe, a micronutrient, or have induced a stress response in the plants [39] . Potential impacts of the Al 2 O 3 support may have been prevented by the poor solubility of Al species at the neutral pH of the growth medium; hydrated Al species are more soluble under acidic conditions.
Carbon nanotube internalization
Elemental analysis cannot detect CNTs in cells because of their carbonaceous composition. Low contrast in the electron microscope and the similarity of CNTs to cellular structures can result in their misidentification. Advances have been made using fluorescence microscopy in animal tissues [49, 50] , but the autofluorescence of vascular plant tissues generally blocks the visualization of CNTs. Only recently has vibrational spectroscopy been used to detect CNTs in plants. The Raman G peak was used to detect CNTs on the surface of longitudinal cuts of tomato seeds [10] and in tomato fruits of plants grown in CNT-rich media [39] . Lin et al. [11] confirmed by Fourier-transformed Raman spectroscopy that aggregates detected in rice were fullerene C 70 . However, the CNT Raman signal in rice plants exposed to multiwalled CNTs was too weak to demonstrate uptake [11] . To investigate CNT adsorption and internalization in alfalfa and wheat, we used Raman spectroscopy and electron microscopy.
CNT internalization by wheat and alfalfa was studied for plants grown in CNT-water or CNT-agar. Agar proved to be an adequate matrix for the preparation of CNT-enriched media, allowing the CNTs to be homogeneously distributed, and avoiding precipitation and aggregation. Thus agar ensures CNT bioavailability, and its viscous nature imitates soil-like environments better than water can, making it a valuable model for natural environments. CNT-water, on the other hand, offers less diffusion resistance, thus increasing the opportunities for CNTs to interact with the plants.
Raman spectroscopy
Raman spectroscopic signatures unique to CNTs (D, G and D* bands) were used to investigate the presence of CNTs in the plants. First, we attempted to trace purified CNTs in whole roots. Black deposits were present on the roots of plants grown in CNT-agar and -water, even after thorough washing, suggesting strong adsorption. Thus, both clear and dark spots on the roots were examined. No CNTs were detected at the clear spots of plants grown in CNT-agar (figure 4) or CNT-water (figure 5). The Raman spectroscopic signatures of CNTs were indeed found at the dark spots, confirming that the adsorbed material was CNTs (figures 4 and 5). However, additional Raman peaks were also present at the dark spots on the roots of plants grown in CNT-water (figure 5). These included signals for n as (NCS) at 2157 cm 21 and n s (NCS) at 1152 and 1004 cm
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, indicating the presence of isothiocyanate groups [51] , which occur in the essential oils of plants such as alfalfa [52] , Indian mustard [53] and rape [54] . Other signals, such as those at 2516, %2314 and 1506 cm 21 , may have corresponded to these same compounds, or indicated functional groups on the CNT walls (i.e. defects). Thus, root exudates may have contributed to the bonding of CNTs to the roots, resulting in the irreversible adsorption of CNTs. The interaction of CNTs with cell wall biomolecules has been proposed as a mechanism by which CNTs induce hypersensitive response in plant cells [55] . The roots studied here appeared healthy by light microscopy (see electronic supplementary material, figure  S12) ; however, reactive oxygen species were not assayed.
CNTs have been detected on the root surfaces of rice [11] , wheat [13] and cucumber [9] ; however, none of these internalized CNTs. Here, Raman spectroscopy identified the black aggregates on the root surfaces of alfalfa and wheat as CNTs (figures 4 and 5), but spectra of areas without visible aggregates were featureless. Therefore, CNTs were either adsorbed but not internalized, or were internalized but had Raman intensities insufficient for detection. To search for internalized CNTs, we pursued a Raman mapping technique that enabled the investigation of the planar inner section of the root tissue. Raman mapping has been used to trace CNTs in polymer2CNT composites [56] [57] [58] , cancer cells [59] and mice [20, 21] , and to map CNT2 quantum dot composites in tomato plants [60] . Here, root cross-sections were surveyed for the characteristic CNT bands, and false-colour maps were generated by calculating the signal-to-baseline ratio for the D band (1350 cm
, figure 6 ). CNTs were found on the root surfaces of both alfalfa and wheat (figure 6b, area shown in red) grown in CNT-water. CNTs were associated with the root epidermis of alfalfa, but otherwise absent in the root tissue (figure 6b, 'root centre', colourless). In wheat, the CNTs covered a root hair and were seen on the root epidermis, but, similarly to alfalfa, were not detected in the survey of internal tissues (figure 6b). Thus compounds released by the plant, which probably contributed to CNT adsorption (vide supra), may also have prevented CNT penetration. Plants grown in CNT-agar showed no traces of CNTs in alfalfa or wheat roots (figure 6c). As CNTs were detected on the roots of whole-plant samples, embedding and cryosectioning may have caused material loss from CNT-agar-grown plants, where root exudates were not available to strengthen CNT adsorption. Overall, however, Raman mapping provided no evidence of CNT internalization in plants grown in CNT-agar or -water. Alimohammadi et al. [60] found CNT2quantum dots in the leaves of exposed tomato plants; the difference could have resulted from the nanomaterials and species studied, or from variations in the experimental conditions.
Microscopy
A thorough search for purified CNTs within root cells was performed using electron microscopy; however, a lack of contrast and the small diameter of the CNTs precluded conclusive results. We therefore grew the plants in agar enriched with multiwalled CNTs functionalized with Fe 3 O 4 nanoparticles. Though they could potentially alter the properties, bioavailability and plant interactions of the CNTs, the nanoparticles provided the opportunity to search for CNTs in plant tissues using Fe energy-filter mapping.
1 TEM characterization of the Fe 3 O 4 -CNTs confirmed that they The Fe atoms initially present in the CNTs, i.e. those derived from the residual catalyst, could not be imaged by energy-filter mapping because they were primarily contained within CNTs, and thus were not accessible to the electron beam.
bore Fe 3 O 4 nanoparticles, which were homogeneous in size and highly dispersed on the external nanotube surface (figure 7). The Fe 3 O 4 -CNTs had the same degree of wall graphitization (I D /I G ¼ 1.2) and similar external diameter to purified CNTs (table 1) , so nanoparticle addition had little or no effect on the physical properties of the CNTs (full characterization details for the Fe 3 O 4 -CNTs, including thermogravimetric analysis, Raman and FTIR spectra, N 2 adsorption -desorption isotherms and pore size distributions, are provided in the electronic supplementary material). Consistent with the results of the Raman mapping studies, exhaustive exploration of the root tips and points of emergence of secondary roots of alfalfa plants exposed to Fe 3 O 4 -CNTs revealed no evidence of their internalization. In one exposed wheat root, however, TEM and high-resolution TEM images (figure 8) revealed tube-like features whose Fe energy-filter maps (figures 8d,f ) highlighted white spheroids that suggested the presence of Fe. The Fe 3 O 4 -CNTs were observed in an epidermal cell of the root tip, and appeared to lie within a vacuole (figure 8).
Two-photon excitation microscopy has shown CNTs piercing, but not completely penetrating, the cell walls Within 7 days, wheat develops several long, thin, seminal branched roots; whereas alfalfa develops one main root with a few short secondary roots. Thus, the wheat root system has larger surface area in contact with the test suspension [38] . Severe tissue damage, such as that seen in nanoparticle-exposed ryegrass [62] , could also provide a penetration pathway; however our light-microscope images of alfalfa and wheat roots did not reveal extensive damage (see electronic supplementary material, figure S7 ). Minor, unobserved lesions cannot be excluded though, especially given the very low incidence of penetration.
CONCLUSIONS
Despite their promise, the environmental fate of CNTs, and their interactions with biological systems, have received limited study. We found that two crop species, alfalfa and wheat, were not damaged by multiwalled CNTs or their catalytic impurities (Fe species and Al 2 O 3 ); rather, the latter enhanced their growth. Wheat germination was also promoted. More importantly, these plants tolerated high concentrations of industrialgrade CNTs, and even exhibited enhanced root development in their presence. In alfalfa, but not wheat, this could be partially attributed to the catalyst impurities. No multiwalled-CNT uptake was observed in alfalfa roots. In wheat, Fe 3 O 4 -functionalized CNTs were detected in an epidermal root cell. Raman mapping showed that CNTs adsorbed onto alfalfa and wheat root surfaces without altering plant development or root-tissue morphology. The presence of functional groups such as carboxylic acids and isothiocyanates at the sites of CNT adsorption suggests that the CNTs were chemically bound to the plant cell walls.
